The need to include a mechanism that could assist in analysis and performance enhancement of simulation models has been under discussion for a long time. Many simulation packages on the market o er powerful`what if ' evaluation techniques for production planning. However, most of them rely on the user's own experience to interpret the results after each simulation, and anyone without such experience would ®nd it di cult to make reasonable sense of the results before deciding on the next simulation run. This paper describes the use of an expert mechanism that could be integrated into a simulation package to facilitate the process of interpreting and assessing simulation results and in improving performance. It also discusses the need for checking stability of the model before reporting the model as realistic.
INTRODUCTION
Although simulation in manufacturing has traditionally been used for high-level capacity planning, there are many other bene®ts in using simulation. Factory layout, production routing, production mix and throughput prediction, bottleneck identi®cation, new resources deployment, to name but a few, can all be predicted using simulation. While explaining the need for simulation, Ben-Arieh [1] and Law and Kelton [2] assert that, in the modern manufacturing facility, the availablē exibility introduces another degree of¯exibility in decision-making. The lack of clear understanding of the dynamics and interaction of components of modern manufacturing systems calls for the use of simulation as an essential support tool. Simulation is no more a niche management tool that can only be a orded by a few, thanks to ever-increasing computer power and its a ordable price. The advancement in programming and software engineering also means that very clever simulation software has hit the market, with highly con®gurable user features and powerful animation [3] .
However, these powerful features are generally focused on the front-end of creating a manufacturing model easily and on getting simulation results quickly [4] .
As a result, massive reports, which include statistics, tables and a lot of raw data, are generated, but do not help the user see the connection of these reports with the next appropriate action in a consistent and logical way. Any interpretation and action will depend solely on the user's experience in using simulation. Additionally, limited alternative simulation models could be dealt with in a traditional way, but, as the possible alternatives increase, conducting a large number of simulation runs becomes time consuming and costly [5] .
Some commercial simulation packages now include some type of integrated optimization routine, Optimizer in Witness and OptQuest in Delma [6] , for instance. The goal of these routines is to seek improved settings of user-selected system parameters with respect to the performance measure(s) of interest. However, unlike mathematical programming packages, there is no way of knowing that an overall optimum has actually been reached, and thus optimization may be a loose word.
The experimental work in this paper illustrates the use of a rule-based algorithm that is integrated with a simulation package to analyse simulation output, assess performance of a production¯oor and automatically change the controllable variables within given constraints to enhance performance. Once the stability of the original model is checked, each time the simulation is executed, the rule-based algorithm would interpret and analyse the results, and suggest a suitable action plan for the next iteration for further improving the performance. Such a concept also opens up a huge possibility of running the rule-based simulator remotely across the Internet, hence allowing smaller companies to bene®t from simulation.
EXPERIMENTAL MODEL

Base model
In order to demonstrate how simulation results can be translated into action plans, and how di erent production scenarios can be compared using performance indices, a case study factory model with limited operation and resource¯exibility has been set up as shown in Fig. 1 . The experiment was based on a company model obtained from the Lanner Group [7] , the software house behind the Witness simulation modelling system. Some operational data have been modi®ed for simplicity.
At the start of the experiment, the case study company experienced a severe backlog in sales orders owing to antiquated machinery and poor production planning. Assuming that there was a demand for up to 5 times the current product output, a series of simulation runs was set up to evaluate the e ect of investing appropriate resources against the possible increase in throughput and bene®ts.
The model consists of seven main operations. The manufacturing process starts with the stock of bars coming into the saw area stock bu er. The bars are then cut, producing three blocks from each bar. After sawing, the blocks go to a belt conveyor that transfers the cut bars to the coating operation. The coating machine coats six blocks at a time. Once coated, the blocks are placed in the staging area adjacent to the inspection station. The inspectors then determine the coating quality of each block and send it either to hardening or to the rework bu er. The hardened blocks are then loaded into special ®xtures so that four blocks can enter a grinder at once. There are two grinders available, with no priorities between them. Once ground, the ®xture and the four blocks are placed into an unloading station where the blocks (now valves) are sent to the ®nished stock areas and the ®xtures onto an overhead conveyor. The conveyor puts the ®xtures back into the ®xture bu er for reuse by the loading machine. Witness was used to model the system.
Model stability
It is important to ensure that the model is not signi®-cantly a ected by changing the random number streams. If this occurs, then the model results cannot be expected to give a solution that would be realistic. The stability of the model was checked by conducting 25 runs with di erent random number streams for each run and for each element and each corresponding set of data. This was meant to give the feel that events were following Fig. 1 Simulation model used in the experiment more realistic randomness. Outputs of the 25 runs were recorded, and a Cusum test (90 per cent con®dence) was conducted as shown in Fig. 2 . The mask used is a C2 semi-parabolic mask as de®ned in BS 5703 Part 3 [8] . It could be seen from the graph that the data were all between the upper mask and the lower mask, indicating good consistency. A similar stability check was conducted on the last model, and it again showed satisfactory stability.
The reason for selecting Cusum charts to check stability is to allow future development of the program automatically to check that the change being proposed will result in a signi®cant improvement. The development process will continue by integrating an`evolutionary operation' (EVOP) design of experiment system into the program, which will be controlled and monitored by Cusum charts [9] , until an optimum solution is achieved.
RULE-BASED EXPERT MECHANISM
Objectives
The existing system can manufacture around 144 valves every 75 h. It has been established that the bene®ts of an increase in throughput by one valve can be fully justi®ed for an investment of £250. That is, for each investment of £250, there must be an increase of at least one part. A maximum amount of £75 000 is available to be spent for the investment, which amounts to an equivalent of 300 more valves to justify the spending. The main investment costs expressed in terms of production bene®ts are shown in Table 1 . Each item has been assigned a cost equivalent in parts.
Methodology and results
As previously described, the main performance index is net pro®t (or net saving) which is the di erence between the increase in throughput and the investment (expressed in terms of equivalent parts). The main rules used include the techniques of theory of constraints and line balancing, backed by concurrent monitoring of investment. This involves mainly identifying bottlenecks and blockages which are used as the basis for actions to be taken in each sequential simulation run.
Witness as an object link embedding (OLE) automation server could be controlled by Visual Basic (VB) which is an OLE controller [10] . Relevant input/output data to Witness as well as running of Witness could be controlled with VB (with some assistance from Excel). Therefore, using VB to develop the expert mechanism was ideal. The simulator uses data displayed in Excel but controlled by VB, runs the model and generates output. The expert mechanism receives the relevant output data from the simulator, manipulates the data, assesses model performance and generates recommended changes for the next run. The iteration goes on until a limiting factor is reached, at which point the result would be output.
Eleven simulation runs were conducted, with the summary of results shown in Fig. 3 . The results indicate that all except runs 4 and 7 could be justi®ed for their respective investments. Models 10 and 8 showed the better net savings, with model 10 signi®cantly favoured both in savings and throughput in terms of rectifying the current problems of the company.
CONCLUSION
Although the model is limited in many respects, it highlighted the basic concept of integrating an optimizing element to a manufacturing simulator for automatic results analysis and performance enhancement. Various performance assessment methods such as throughput, inventory level, machine utilization and investment can be incorporated into future experiments to make the system more versatile for a wider spectrum of simulation scenarios. The proposed concept can handle a mix of di erent production objectives whereby users can set target ®gures with each objective, and the system will iterate until those targets are met within speci®ed allowance.
With the ever-growing popularity of the Internet, making the system Web compliant is another goal in future research. When fully developed, registered users from remote sites will be able to use the system by providing required inputs to the simulator, target objectives, constraints of scenarios, plus other necessary details required to build and run a totally customized model on the net. The simulation system will then run continuously at the host website until the targets and constraints are satis®ed. The remote user will then be able to view the optimized results and the accompanying conditions. This concept of application on demand (AOD) has yet to be realized but has great potential in allowing smaller ®rms to bene®t from specialized application software 
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